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FIG. 1 Pristine SWCNT with closed ends 
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FIG. 2 Pristine SWCNT with open ends 
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COATABLE CONDUCTIVE 
POLYETHYLENEDIOXYTHIOPHENE WITH 

CARBON NANOTUBES 

FIELD OF THE INVENTION 

[0001] The present invention relates to a member com 
prising a transparent conductive layer comprising single 
Wall carbon nanotubes and polyethylenedioxythiophene/ 
polystyrenesulfonic acid on a substrate and the application 
of such member in electric devices particularly those suit 
able for display. In particular, the invention relates to such 
conductive ?lms having high conductivity and high trans 
parency. 

BACKGROUND OF THE INVENTION 

[0002] Single Wall carbon nanotubes (SWCNTs) are 
essentially graphene sheets rolled into holloW cylinders 
thereby resulting in tubules composed of sp2 hybridiZed 
carbon arranged in hexagons and pentagons, Which have 
outer diameters betWeen 0.4 nm and 10 nm. These SWCNTs 
are typically capped on each end With a hemispherical 
fullerene (buckyball) appropriately siZed for the diameter of 
the SWCNT. HoWever, these end caps may be removed via 
appropriate processing techniques leaving uncapped 
tubules. SWCNTs can exist as single tubules or in aggre 
gated form typically referred to as ropes or bundles. These 
ropes or bundles may contain several or a feW hundred 
SWCNTs aggregated through Van der Waals interactions 
forming triangular lattices Where the tube-tube separation is 
approximately 3-4 Ropes of SWCNTs may be composed 
of associated bundles of SWCNTs. 

[0003] The inherent properties of SWCNTs make them 
attractive for use in many applications. SWCNTs can pos 
sess high (e.g. metallic conductivities) electronic conduc 
tivities, high thermal conductivities, high modulus and ten 
sile strength, high aspect ratio and other unique properties. 
Further, SWCNTs may be metallic, semi-metallic, or semi 
conducting dependant on the geometrical arrangement of the 
carbon atoms and the physical dimensions of the SWCNT. 
To specify the siZe and conformation of single-Wall carbon 
nanotubes, a system has been developed, described beloW, 
and is currently utiliZed. SWCNTs are described by an index 
(n, m), Where n and m are integers that describe hoW to cut 
a single strip of hexagonal graphite such that its edges join 
seamlessly When the strip is Wrapped into the form of a 
cylinder. When n=m e.g. (n,n), the resultant tube is said to 
be of the “arm-chair” or (n, n) type, since When the tube is 
cut perpendicularly to the tube axis, only the sides of the 
hexagons are exposed and their pattern around the periphery 
of the tube edge resembles the arm and seat of an arm chair 
repeated n times. When m=0, the resultant tube is said to be 
of the “Zig Zag” or (n,0) type, since When the tube is cut 
perpendicular to the tube axis, the edge is a Zig Zag pattern. 
Where n¢m and m#0, the resulting tube has chirality. The 
electronic properties are dependent on the conformation, for 
example, arm-chair tubes are metallic and have extremely 
high electrical conductivity. Other tube types are semimetals 
or semi-conductors, depending on their conformation. 
SWCNTs have extremely high thermal conductivity and 
tensile strength irrespective of the chirality. The Work func 
tions of the metallic (approximately 4.7 eV) and semicon 
ducting (approximately 5 .1 eV) types of SWCNTs are 
different. 
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[0004] Similar to other forms of carbon allotropes (e.g. 
graphite, diamond) these SWCNTs are intractable and 
essentially insoluble in most solvents (organic and aqueous 
alike). Thus, SWCNTs have been extremely dif?cult to 
process for various uses. Several methods to make SWCNTs 
soluble in various solvents have been employed. One 
approach is to covalently functionaliZe the ends of the 
SWCNTs With either hydrophilic or hydrophobic moieties. 
Asecond approach is to add high levels of surfactant and/or 
dispersants (small molecule or polymeric) to help solubiliZe 
the SWCNTs. 

[0005] Lavin et al. in US. Pat. No. 6,426,134 disclose a 
method to form polymer composites using SWCNTs. This 
method provides a means to melt extrude a SWCNT/ 
polymer composite Wherein at least one end of the SWCNT 
is chemically bonded to the polymer, Where the polymer is 
selected from a linear or branched polyamide, polyester, 
polyimide, or polyurethane. This method does not provide 
opportunities for solvent based processing and is limited to 
melt extrusion Which can limit opportunities for patterning 
or device making. The chemically bonded polymers identi 
?ed typically have high molecular Weights and could inter 
fere With some material properties of the SWCNTs (e.g. 
electronic or thermal transport) via Wrapping around the 
SWCNTs and preventing tube-tube contacts. 

[0006] Connell et al in US. Patent Application Publication 
2003/0158323 A1 describes a method to produce polymer/ 
SWCNT composites that are electrically conductive and 
transparent. The polymers (polyimides, copolyimides, 
polyamide acid, polyaryleneether, polymethylmethacrylate) 
and the SWCNTs or MWCNTs are mixed in organic sol 
vents (DMF, N,N-dimethlacetamide, N-methyl-2-pyrrolidi 
none, toluene,) to cast ?lms that have conductivities in the 
range of 10'5 -10_12 S/cm With varying transmissions in the 
visible spectrum. Additionally, monomers of the resultant 
polymers may be mixed With SWCNTs in appropriate 
solvents and polymeriZed in the presence of these SWCNTs 
to result in composites With varying Weight ratios. The 
conductivities achieved in these polymer composites are 
several orders of magnitude too loW and not optimal for use 
in most electronic devices as electronic conductors or EMI 
shields. Additionally, the organic solvents used are toxic, 
costly and pose problems in processing. Moreover, the 
polymers used or polymeriZed are not conductive and can 
impede tube-tube contact further increasing the resistivity of 
the composite. 

[0007] Kuper et al in Publication WO 03/060941A2 dis 
close compositions to make suspended carbon nanotubes. 
The compositions are composed of liquids and SWCNTs or 
MWCNTs With suitable surfactants (cetyl trimethylammo 
nium bromide/chloride/iodide). The ratio by Weight of sur 
factant to SWCNTs given in the examples range from 
1.4-5.2. This method is problematic as it needs extremely 
large levels of surfactant to solubiliZe the SWCNTs. The 
surfactant is insulating and impedes conductivity of a ?lm 
deposited from this composition. The surfactant may be 
Washed from the ?lm but this step adds complexity and may 
decrease ef?ciency in processing. Further, due to the struc 
ture formed in ?lms deposited from such a composition, it 
Would be very dif?cult to remove all the surfactant. 

[0008] Papadaopoulos et al. in US. Pat. No. 5,576,162 
describe an imaging element Which comprises carbon 
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nano?bers to be used primarily as an anti-static material 
Within the imaging element. These materials may not pro 
vide the highly transparent and highly conductive (loW SER) 
layer that is necessary in many current electronic devices, 
especially displays. 
[0009] Smalley et al in US. Pat. No. 6,645,455 disclose 
methods to chemically derivatiZe SWCNTs to facilitate 
solvation in various solvents. Primarily the various deriva 
tive groups (alkyl chains, acyl, thiols, aminos, aryls etc.) are 
added to the ends of the SWCNTs. The side-Walls of the 
SWCNTs are functionaliZed primarily With ?uorine groups 
resulting in ?uorinated SWCNTs. The solubility limit of 
such “?uorotubes” in 2-propanol is approximately 0.1 
mg/mL and in Water or Water/acetone mixtures the solubility 
is essentially Zero. The ?uorinated SWCNTs Were subjected 
to further chemical reactions to yield methylated SWCNTs 
and these tubes have a loW solubility in Chloroform but not 
other solvents. Such loW concentrations are impractical and 
unusable for most deposition techniques useful in high 
quantity manufacturing. Further, such high liquid loads need 
eXtra drying considerations and can destroy patterned 
images due to intermiXing from the eXcess solvent. In 
addition, the method discloses functionaliZation of the 
tubule ends With various functionaliZation groups (acyl, aryl, 
aralkyl, halogen, alkyl, amino, halogen, thiol) but the end 
functionaliZation alone may not be enough to produce viable 
dispersions via solubiliZation. Further, the side-Wall func 
tionaliZation is done With ?uorine only, Which gives limited 
solubility in alcohols, Which can make manufacturing and 
product fabrication more dif?cult. Additionally, the ?uori 
nated SWCNTs are insulators due to the ?uorination and 
thereby are not useful for electronic devices especially as 
electronic conductors. Moreover, the chemical transforma 
tions needed to add these functional groups to the end points 
of the SWCNTs require additional processing steps and 
chemicals Which can be haZardous and costly. 

[0010] Smalley et al. in US. Pat. No. 6,683,783 disclose 
methods to purify SWCNT materials resulting in SWCNTs 
With lengths from 5-500 nm. Within this patent, formula 
tions are disclosed that use 0.5 Wt % of a surfactant, Triton 
X-100 to disperse 0.1 mg/mL of SWCNT in Water. Such loW 
concentrations are impractical and unusable for most depo 
sition techniques useful in high quantity manufacturing. 
Further, such high liquid loads need eXtra drying consider 
ations and can destroy patterned images due to intermiXing 
from the eXcess solvent. In addition, the method discloses 
functionaliZation of the tubule ends With various function 
aliZation groups (acyl, aryl, aralkyl, halogen, alkyl, amino, 
halogen, thiol) but the end functionaliZation alone may not 
be enough to produce viable dispersions via solubiliZation. 
Moreover, the chemical transformations needed to add these 
functional groups to the end points of the SWCNTs require 
additional processing steps and chemicals Which can be 
haZardous and costly. Also, the patent discloses a composi 
tion of matter Which is at least 99% by Weight of single Wall 
carbon molecules Which obviously limits the amount of 
functionaliZation that can be put onto the SWCNTs thereby 
limiting its solubiliZation levels and processability. 

[0011] RinZler et al. in PCT Publication WO2004/009884 
A1 disclose a method of forming SWCNT ?lms on a porous 
membrane such that it achieves 200 ohms/square and at least 
30% transmission at a Wavelength of 3 um. This method is 
disadvantaged since it needs a porous membrane (e.g. poly 
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carbonate or miXed cellulose ester) With a high volume of 
porosity With a plurality of sub-micron pores as a substrate 
Which may lose a signi?cant amount of the SWCNT dis 
persion through said pores thereby Wasting a signi?cant 
amount of material. Also, such membranes may not have the 
optical transparency required for many electronic devices 
such as displays. Further, the membrane is set Within a 
vacuum ?ltration system Which severely limits the process 
ability of such a system and makes the roll-to-roll coating 
application of the SWCNT solution impossible. Moreover, 
the Weight percent of the dispersion used to make the 
SWCNT ?lm Was 0.005 mg/mL in an aqueous solution. 
Such Weight percents are impractical and unusable in most 
coating and deposition systems With such a high liquid load. 
Such high liquid loads make it virtually impossible to make 
patterned images due to solvent spreading and therefore 
image bleeding/destruction. 
[0012] Blanchet-Fincher et al in Publication WO 
02/080195A1 illustrate high conductivity compositions 
composed of polyaniline (PAN I) and SWCNTs or MWCNTs 
and methods to deposit such compositions from a donor 
element onto a receiver substrate. The nitrogen base salt 
derivative of emeraldine polyaniline is miXed With SWCNTs 
in organic solvents (toluene, Xylene, turpinol, aromatics) and 
cast into ?lms With conductivity values of 62 S/cm (1 Wt % 
SWCNT in PANI) and 44 S/cm (2 Wt % SWCNT in PANI). 
These ?lms alternatively may be produced as part of a 
multi-layer donor structure suitable as use for a material 
transfer system. The PANI/SWCNT composite are trans 
ferred from the donor sheet to a suitable receiver substrate 
in imageWise form. PANI is a highly colored conductive 
polymer thus resulting in a conductive composite With 
unsatisfactory transparency and color, thus it is not suitable 
for high transparency/high conductivity applications such as 
displays. Further, the conductivity values are not suitable for 
many electronic device applications. In addition, the com 
positions are made in organic solvents, Which may require 
special handling for health and safety, making manufactur 
ing difficult and eXpensive. 

[0013] Hsu in WO 2004/029176 A1 disclose compositions 
for electronically conducting organic polymer/nanoparticle 
composites. Polyaniline (Ormecon) or PEDT (Baytron P) 
are miXed With Molybdenum nanoWires or carbon nanotubes 
(8 nm diameter, 20 um length, 60 S/cm). The compositions 
disclosed in this invention are disadvantaged by marginal 
conductivity. 

[0014] Arthur et al in PCT Publication WO 03/099709 A2 
disclose methods for patterning carbon nanotubes coatings. 
Dilute dispersions (10 to 100 ppm) of SWCNTs in isopropyl 
alcohol (IPA) and Water (Which may include viscosity modi 
fying agents) are spray coated onto substrates. After appli 
cation of the SWCNT coating, a binder is printed in image 
Wise fashion and cured. Alternatively, a photo-de?nable 
binder may be used to create the image using standard 
photolithographic processes. Materials not held to the sub 
strate With binder are removed by Washing. Dilute disper 
sions (10 to 100 ppm) of SWCNTs in isopropyl alcohol 
(IPA) and Water With viscosity modifying agents are gravure 
coated onto substrates. Dilute dispersions (10 to 100 ppm) of 
SWCNTs in isopropyl alcohol (IPA) and Water are spray 
coated onto substrates. The coated ?lms are then eXposed 
through a mask to a high intensity light source in order to 
signi?cantly alter the electronic properties of the SWCNTs. 
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This step is followed by a binder coating. The dispersion 
concentrations used in these methods make it very difficult 
to produce images via direct deposition (inkjet etc.) tech 
niques. Further, such high solvent loads due to the loW solids 
dispersions create long process times and difficulties han 
dling the excess solvent. In addition, these patterning meth 
ods are subtractive processes, Which unnecessarily Waste the 
SWCNT material via additional removal steps thereby 
incurring cost and process time. This application also dis 
closes method to make conductive compositions and coat 
ings from such compositions but it does not teach satisfac 
tory methods nor compositions to execute such methods. 

[0015] Transparent electrically-conductive layers (TCL) 
of metal oxides such as indium tin oxide (ITO), antimony 
doped tin oxide, and cadmium stannate (cadmium tin oxide) 
are commonly used in the manufacture of electrooptical 
display devices such as liquid crystal display devices 
(LCDs), electroluminescent display devices, photocells, 
solid-state image sensors and electrochromic WindoWs or as 
components of these devices such as electromagnetic inter 
ference (EMI) shielding. 

[0016] Devices such as ?at panel displays, typically con 
tain a substrate provided With an indium tin oxide (ITO) 
layer as a transparent electrode. The coating of ITO is 
carried out by vacuum sputtering methods Which involve 
high substrate temperature conditions up to 250° C., and 
therefore, glass substrates are generally used. The high cost 
of the fabrication methods and the loW ?exibility of such 
electrodes, due to the brittleness of the inorganic ITO layer 
as Well as the glass substrate, limit the range of potential 
applications. As a result, there is a groWing interest in 
making all-organic devices, comprising plastic resins as a 
?exible substrate and organic electroconductive polymer 
layers as an electrode. Such plastic electronics alloW loW 
cost devices With neW properties. Flexible plastic substrates 
can be provided With an electroconductive polymer layer by 
continuous hopper or roller coating methods (compared to 
batch process such as sputtering) and the resulting organic 
electrodes enable the “roll to roll” fabrication of electronic 
devices Which are more ?exible, loWer cost, and loWer 
Weight. 

[0017] Intrinsically conductive polymers have recently 
received attention from various industries because of their 
electronic conductivity. Although many of these polymers 
are highly colored and are less suited for TCL applications, 
some of these intrinsically conductive polymers, such as 
substituted or unsubstituted pyrrole-containing polymers (as 
mentioned in US. Pat. Nos. 5,665,498 and 5,674,654), 
substituted or unsubstituted thiophene-containing polymers 
(as mentioned in US. Pat. Nos. 5,300,575, 5,312,681, 
5,354,613, 5,370,981, 5,372,924, 5,391,472, 5,403,467, 
5,443,944, 5,575,898, 4,987,042, and 4,731,408) and sub 
stituted or unsubstituted aniline-containing polymers (as 
mentioned in US. Pat. Nos. 5,716,550, 5,093,439, and 
4,070,189) are transparent and not prohibitively colored, at 
least When coated in thin layers at moderate coverage. 
Because of their electronic conductivity instead of ionic 
conductivity, these polymers are conducting even at loW 
humidity. 

[0018] EP-A-440 957 describes a method for preparing 
polythiophene in an aqueous mixture by oxidative polymer 
iZation in the presence of a polyanion as a doping agent. In 
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EP-A-686 662 it has been disclosed that highly conductive 
layers of polythiophene, coated from an aqueous coating 
solution, could be made by the addition of a di- or polyhy 
droxy and/or a carbonic acid, amide or lactam group con 
taining compound in the coating solution of the poly 
thiophene. Coated layers of organic electroconductive 
polymers can be patterned into electrode arrays using dif 
ferent methods. The knoWn Wet-etching microlithography 
technique is described in WO97/18944 and US. Pat. No. 
5,976,274 Wherein a positive or negative photoresist is 
applied on top of a coated layer of an organic electrocon 
ductive polymer, and after the steps of selectively exposing 
the photoresist to UV light, developing the photoresist, 
etching the electroconductive polymer layer and ?nally 
stripping the non-developed photoresist, a patterned layer is 
obtained. In US. Pat. No. 5,561,030 a similar method is 
used to form the pattern except that the pattern is formed in 
a continuous layer of prepolymer Which is not yet conduc 
tive and that after Washing the mask aWay the remaining 
prepolymer is rendered conductive by oxidation. Such meth 
ods that involve conventional lithographic techniques are 
cumbersome as they involve many steps and require the use 
of haZardous chemicals. 

[0019] EP-A-615 256 describes a method to produce a 
pattern of a conductive polymer on a substrate that involves 
coating and drying a composition containing 3,4-ethylene 
dioxythiophene monomer, an oxidation agent, and a base; 
exposing the dried layer to UV radiation through a mask; 
and then heating. The UV exposed areas of the coating 
comprise non-conductive polymer and the unexposed areas 
comprise conductive polymer. The formation of a conduc 
tive polymer pattern in accordance With this method does 
not require the coating and patterning of a separate photo 
resist layer. 

[0020] US. Pat. No. 6,045,977 describes a process for 
patterning conductive polyaniline layers containing a pho 
tobase generator. UV exposure of such layers produces a 
base that reduces the conductivity in the exposed areas. 

[0021] EP-A-1 054 414 describes a method to pattern a 
conductive polymer layer by printing an electrode pattern 
onto said conductive polymer layer using a printing solution 
containing an oxidant selected from the group ClO', BrO', 
MnO4_, Cr2O7_2, S2084, and H202. The areas of the 
conductive layer exposed to the oxidant solution are ren 
dered nonconductive. 

[0022] Research Disclosure, November 1998, page 1473 
(disclosure no. 41548) describes various means to form 
patterns in conducting polymer, including photoablation 
Wherein the selected areas are removed from the substrate by 
laser irradiation. Such photoablation processes are conve 
nient, dry, one-step methods but the generation of debris 
may require a Wet cleaning step and may contaminate the 
optics and mechanics of the laser device. Prior art methods 
involving removal of the electroconductive polymer to form 
the electrode pattern also induce a difference of the optical 
density betWeen electroconductive and non-conductive 
areas of the patterned surface, Which should be avoided. 

[0023] Methods of patterning organic electroconductive 
polymer layers by image-Wise heating by means of a laser 
have been disclosed in EP 1 079 397 A1. That method 
induces about a 10 to 1000 fold decrease in resistivity 
Without substantially ablating or destroying the layer. 
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[0024] The application of electronically conductive poly 
mers in display related device has been envisioned in the 
past. The application of electronically conductive polymers 
in display related devices has been envisioned in the past. 
European Patent Application EP9910201 describes a light 
transmissive substrate having a light transmissive conduc 
tive polymer coating for use in resistive touch screens. US. 
Pat. No. 5,738,934 describes touch screen cover sheets 
having a conductive polymer coating. 

[0025] US. Pat. Nos. 5,828,432 and 5,976,284 describe 
conductive polymer layers employed in liquid crystal dis 
play devices. The eXample conductive layers are highly 
conductive but typically have transparency of 60% or less. 

[0026] Use of polythiophene as transparent ?eld spreading 
layers in displays comprising polymer dispersed liquid crys 
tals has been disclosed in US. Pat. Nos. 6,639,637 and 
6,707,517. HoWever, the polythiophene layers in these pat 
ents are non-conductive in nature. 

[0027] Use of commercial polythiophene coated sheet 
such as Orgacon from Agfa has been suggested for manu 
facturing of thin ?lm inorganic light emitting diode has been 
suggested in US. Pat. No. 6,737,293. HoWever, as discussed 
later, the transparency vs. surface electrical resistivity of 
such products may not be suf?cient for some applications. 

[0028] Use of conductive high molecular ?lm for prevent 
ing the fringe ?eld in the in-plane sWitching mode in liquid 
crystal display has been proposed in US. Pat. No. 5,959, 
708. HoWever, the conductivity requirement for these ?lms 
appears to be not very stringent. For eXample, in one 
embodiment (col. 5, lines 6-10) the high molecular ?lm can 
be totally non-conductive. Moreover, US. Pat. No. 5,959, 
708 does not refer to any speci?cation involving transmis 
sion characteristics of these ?lms. 

[0029] Use of transparent coating on glass substrates for 
cathode ray tubes using polythiophene and silicon oXide 
composites has been disclosed in US. Pat. No. 6,404,120. 
HoWever, the method suggests in-situ polymeriZation of an 
ethylenedioXythiohene monomer on glass, baking it at an 
elevated temperature and subsequent Washing With tetra 
ethyl orthosilicate. Such an involved process may be dif?cult 
to practice for roll-to-roll production of a Wide ?exible 
plastic substrate. 

[0030] Use of in-situ polymeriZed polythiophene and 
polypyrrole has been proposed in US. Pat Appl. Pub. 
2003/0008135 A1 as conductive ?lms, for ITO replacement. 
As mentioned earlier, such processes are dif?cult to imple 
ment for roll-to-roll production of conductive coatings. In 
the same patent application, a comparative eXample Was 
created using a dispersion of poly (3,4 ethylene dioX 
ythiophene)/polystyrene sulfonic acid Which resulted in 
inferior coating properties. 

[0031] Addition of conductivity enhancing agents such as 
organic compounds With dihydroXy or polyhydroXy and/or 
carboXyl groups or amide groups or lactam groups are 
suggested for incorporation in polythiophene in US. Pat. 
No. 5,766,515. Recently, US. Pat. Appl. Pub. 2003/0193042 
A1 claims further improvement in conductivity of poly 
thiophene through the addition of a substantial quantity of 
organic compounds such as phenols. But, health and safety 
concerns Will dictate special precautionary measures, Which 
may need to be taken, for the introduction of such haZardous 
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compounds to a typical Web manufacturing and coating site, 
thus possibly adding cost to the ?nal product. 

[0032] In another recent publication titled “HydroXylated 
secondary dopants for surface resistance enhancement in 
transparent poly(3,4-ethylenedioXythiophene)-poly(styrene 
sulfonate) thin ?lms” by B. D. Martin, N. Nikolov, S. K. 
Pollack, A. Saprigin, R. Shashidhar, F. Zhang and P. A. 
Heiney, published in Synthetic Metals, vol. 142 (2004), p. 
187-193, it Was stated that the addition of small hydroXy 
lated secondary dopants could greatly decrease the surface 
resistance of polythiophene ?lms Without reducing ?lm 
transparency. HoWever, as Will be demonstrated later, the 
surface electrical resistance and transparency of the ?lms 
quoted in this paper are not at par With the present invention. 

[0033] As indicated herein above, the art discloses a Wide 
variety of electrically conductive TCL compositions that can 
be incorporated in displays. Although application of elec 
tronically conductive polymers in display related devices 
has been contemplated in the past, the stringent requirement 
of high transparency and loW surface electrical resistivity 
demanded by modern display devices is extremely difficult 
to attain With intrinsically conductive polymers. Thus, there 
is still a critical need in the art for intrinsically conductive 
polymers that can be coated roll-to-roll on a Wide variety of 
substrates under typical manufacturing conditions using 
environmentally desirable components. In addition to pro 
viding superior electrode performance, the TCL layers also 
must be highly transparent, must be patternable, must resist 
the effects of humidity change, and be manufacturable at a 
reasonable cost. 

[0034] As indicated herein above, the art discloses a Wide 
variety of electrically conductive TCL compositions. HoW 
ever, there is still a critical need in the art for patterned 
conductive TCL structures. In addition to providing superior 
electrode performance, the TCL layers also must be highly 
transparent, must be patternable, must resist the effects of 
humidity change, and be manufacturable at a reasonable 
cost. 

PROBLEM TO BE SOLVED BY THE 
INVENTION 

[0035] There is a need to provide improved electronically 
conductive, patternable, preferably coatable, conductive 
?lms that more effectively meet the diverse commercial 
needs than those of the prior art that the present invention is 
directed. 

SUMMARY OF THE INVENTION 

[0036] It is another object to provide electronically con 
ductive ?lms With high transparency and high conductivity. 

[0037] It is a further object to reduce contact resistances 
betWeen oligomers of PEDOT and/or tubes or bundles of 
SWCNTs. 

[0038] It is still further an object to provide an improved 
process of forming a conductive ?lm comprising SWCNTs. 

[0039] These and other objects of the invention are accom 
plished by a conductive ?lm comprising single Wall carbon 
nanotubes and PEDOT 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0040] FIG. 1. A schematic of pristine single Wall carbon 
nanotubes With closed ends of the tubules. 
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[0041] FIG. 2. A schematic of pristine single Wall carbon 
nanotubes With open ends of the tubules. 

[0042] FIG. 3. A schematic of a display component com 
prising a substrate, and an electronically conductive layer 
connected to a poWer source by an electric lead, as per the 
invention. 

[0043] FIG. 4. A schematic of an illustrative polymer 
dispersed LC display, as per the invention. 

[0044] FIG. 5. A schematic of an OLED based display, as 
per the invention. 

[0045] FIG. 6. Aschematic of an illustrative resistive-type 
touch screen, as per the invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0046] The invention has numerous advantages. The 
invention provides a facile method to improve the conduc 
tivity of the conductive polymer by adding highly conduc 
tive SWCNTs. The invention provides a method to have a 
highly conductive and transparent infrared absorber. The 
invention provides a ready method to provide conductive 
?lm forming capabilities. 

These and other advantages Will be apparent from the 
detailed description beloW. 

[0047] The transparent conductive layer of the invention 
comprises single Wall carbon nanotubes and an electroni 
cally conductive polymer of a polythiophene present in a 
cationic form With a polyanion or anion. 

[0048] The SWCNTs may be formed by any knoWn meth 
ods in the art (laser ablation, CVD, arc discharge). The 
SWCNTs are preferred to have minimal or no impurities of 
metals that may be used in such synthetic methods and 
carbonaceous impurities that are not single Wall carbon 
nanotubes (graphite, amorphous, diamond, non-tubular 
fullerenes, multiWall carbon nanotubes). It is found that the 
transparency increases signi?cantly With the decrease of 
metallic and carbonaceous impurities. The ?lm quality also 
improves. 

[0049] Metallic SWCNTs are the most preferred type but 
semimetallic and semiconducting SWCNTs may also be 
used. Pristine SWCNTs are also preferred Where pristine 
means that the surface of the SWCNT is free of function 
aliZed materials either through synthetic prep, acid cleanup 
of impurities, or directed functionaliZation. Some applica 
tions may require other types of functionaliZation such as 
polymer, small molecule or combinations thereof. Embodi 
ments of preferred SWCNTs (pristine) are illustrated in FIG. 
1. 

[0050] The length of the SWCNTs may be from 20 nm-1 
m. The SWCNTs may eXist as individual SWCNTs or as 

bundles of SWCNTs. The diameter of a SWCNT in the 
conductive layer may be 0.5 nm-S nm. The SWCNTs in 
bundled form may have diameters ranging from 1 nm-1 um. 
Preferably such bundles Will have diameters less than 50 nm 
and preferably less than 20 nm. The ends of the SWCNTs 
may be closed by a hemispherical buckyball of appropriate 
siZe. Alternatively, the ends of the SWCNTs may be open. 
Some cases may ?nd one end open and the other closed. 
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[0051] Electronically conductive polymers may be soluble 
or dispersible in organic solvents or Water or miXtures 
thereof. The conductive poly(3,4-ethylenedioXythiophene 
(PEDOT) may be supplied by either of tWo routes. First, it 
may be synthesiZed via an in-situ oXidative polymeriZation 
Where the monomer, ethylenedioXythiophene (EDOT), is 
dissolved Within a suitable solvent (e.g. butanol). There are 
a number of oXidiZing agents that may be used including 
ammonium persulfate, and iron(III) salts of organic and 
inorganic acids. Second, an aqueous dispersion of a cationic 
PEDOT miXed With a polyanion, such as polystyrene 
sulfonic acid, may be used. For environmental reasons, 
aqueous compositions are preferred. 

[0052] A preferred electronically conductive polymer 
comprises 3,4-dialkoXy substituted polythiophene styrene 
sulfonate because of its relatively neutral color. The most 
preferred electronically conductive polymers include 
poly(3,4-ethylene dioXythiophene styrene sulfonate) Which 
comprises poly(3,4-ethylene dioXythiophene) in a cationic 
form With polystyrenesulfonic acid. The advantage of 
choosing the aforementioned polymers arise from the fact 
that they are primarily Water based, stable polymer structure 
to light and heat, stable dispersions and cause minimum 
concern for storage, health, environmental and handling. 

[0053] Preparation of the aforementioned polythiophene 
based polymers has been discussed in detail in a publication 
titled “Poly(3,4-ethylenedioXythiophene) and its deriva 
tives: past, present and future” by L. B. Groenendaal, F. 
Jonas, D. Freitag, H. PielartZik and J. R. Reynolds in 
Advanced Materials, (2000), 12, No. 7, pp. 481-494, and 
references therein. 

[0054] The conductive layer of the invention should con 
tain about 0.1 to about 1000 mg/m2 dry coating Weight of the 
electronically conductive polymer. Preferably, the conduc 
tive layer should contain about 1 to about 500 mg/m2 dry 
coating Weight of the electronically conductive polymer. 
The actual dry coating Weight of the conductive polymer 
applied is determined by the properties of the particular 
conductive polymer employed and by the requirements of 
the particular application. These requirements include con 
ductivity, transparency, optical density and cost for the layer. 

[0055] In a preferred embodiment, the layer containing the 
electronically conductive polymer is prepared by applying a 
mixture comprising: 

[0056] a) a polythiophene according to Formula I 

FLOWMRZ] s l 
n 

in a cationic form, Wherein each of R1 and R2 independently 
represents hydrogen or a C1-4 alkyl group or together 
represent an optionally substituted C1-4 alkylene group or a 
cycloalkylene group, preferably an ethylene group, an 
optionally alkyl-substituted methylene group, an optionally 
C1-12 alkyl- or phenyl-substituted 1,2-ethylene group, a 
1,3-propylene group or a 1,2-cycloheXylene group; and n is 
3 to 1000; and 
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[0057] b) a polyanion compound; 
[0058] It is preferred that the electronically conductive 

polymer and polyanion combination is soluble or dis 
persible in organic solvents or Water or mixtures 
thereof. For environmental reasons, aqueous systems 
are preferred. Polyanions used With these electronically 
conductive polymers include the anions of polymeric 
carboxylic acids such as polyacrylic acids, poly 
(methacrylic acid), and poly(maleic acid), and poly 
meric sulfonic acids such as polystyrenesulfonic acids 
and polyvinylsulfonic acids, the polymeric sulfonic 
acids being preferred for use in this invention because 
they are Widely available and Water coatable. These 
polycarboxylic and polysulfonic acids may also be 
copolymers formed from vinylcarboxylic and vinylsul 
fonic acid monomers copolymeriZed With other poly 
meriZable monomers such as the esters of acrylic acid 
and styrene. The molecular Weight of the polyacids 
providing the polyanions preferably is 1,000 to 2,000, 
000 and more preferably 2,000 to 500,000. The poly 
acids or their alkali salts are commonly available, for 
example as polystyrenesulfonic acids and polyacrylic 
acids, or they may be produced using knoWn methods. 
Instead of the free acids required for the formation of 
the electrically conducting polymers and polyanions, 
mixtures of alkali salts of polyacids and appropriate 
amounts of monoacids may also be used. The poly 
thiophene to polyanion Weight ratio can Widely vary 
betWeen 1:99 to 99:1, hoWever, optimum properties 
such as high electrical conductivity and dispersion 
stability and coatability are obtained betWeen 85:15 and 
15:85, and more preferably betWeen 50:50 and 15:85. 
The most preferred electronically conductive polymers 
include poly(3,4-ethylene dioxythiophene styrene sul 
fonate) Which comprises poly(3,4-ethylene diox 
ythiophene) in a cationic form and polystyrenesulfonic 
acid because of its loW optical density, stability, Wide 
availability, high conductivity and ability to be coated 
from Water. 

[0059] Desirable results such as enhanced conductivity of 
the PEDOT/polystyrenesulfonic acid can be accomplished 
by incorporating a conductivity enhancing agent (CEA). 
Preferred CEAs are organic compounds containing dihy 
droxy, poly-hydroxy, carboxyl, amide, or lactam groups, 
such as 

[0060] (1) those represented by the folloWing Formula II: 

(OH)n—R—(COX)m II 

[0061] Wherein m and n are independently an integer of 
from 1 to 20, R is an alkylene group having 2 to 20 carbon 
atoms, an arylene group having 6 to 14 carbon atoms in the 
arylene chain, a pyran group, or a furan group, and X is 
—OH or —NYZ, Wherein Y and Z are independently 
hydrogen or an alkyl group; or 

[0062] (2) a sugar, sugar derivative, polyalkylene glycol, 
or glycerol compound; or 

[0063] (3) those selected from the group consisting of 
N-methylpyrrolidone, pyrrolidone, caprolactam, N-methyl 
caprolactam, dimethyl sulfoxide or N-octylpyrrolidone; or 

[0064] (4) a combination of the above. 

[0065] Particularly preferred conductivity enhancing 
agents are: sugar and sugar derivatives such as sucrose, 
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glucose, fructose, lactose; sugar alcohols such as sorbitol, 
mannitol; furan derivatives such as 2-furancarboxylic acid, 
3-furancarboxylic acid and alcohols. Ethylene glycol, glyc 
erol, di- or triethylene glycol are most preferred because 
they provide the maximum conductivity enhancement. 

[0066] The CEA can be incorporated by any suitable 
method. Preferably the CEA is added to the coating com 
position comprising the SWCNTs and polythiophene. Alter 
natively, the coated SWCNT/polythiophene containing layer 
can be exposed to the CEA by any suitable method, such as 
post-coating Wash. 

[0067] The concentration of the CEA in the coating com 
position may vary Widely depending on the particular 
organic compound used and the conductivity requirements. 
HoWever, convenient concentrations that may be effectively 
employed in the practice of the present invention are about 
0.5 to about 25 Weight %; more conveniently 0.5 to 10 and 
more desirably 0.5 to 5 as it provides the minimum effective 
amount. 

[0068] While the electronically conductive polymer can 
be applied Without the addition of a ?lm-forming polymeric 
binder, a ?lm-forming binder can be employed to improve 
the physical properties of the layer. In such an embodiment, 
the layer may comprise from about 1 to 95% of the ?lm 
forming polymeric binder. HoWever, the presence of the ?lm 
forming binder may increase the overall surface electrical 
resistivity of the layer. The optimum Weight percent of the 
?lm-forming polymer binder varies depending on the elec 
trical properties of the electronically conductive polymer, 
the chemical composition of the polymeric binder, and the 
requirements for the particular circuit application. 

[0069] Polymeric ?lm-forming binders useful in the con 
ductive layer of this invention can include, but are not 
limited to, Water-soluble or Water-dispersible hydrophilic 
polymers such as gelatin, gelatin derivatives, maleic acid or 
maleic anhydride copolymers, polystyrene sulfonates, cel 
lulose derivatives (such as carboxymethyl cellulose, 
hydroxyethyl cellulose, cellulose acetate butyrate, diacetyl 
cellulose, and triacetyl cellulose), polyethylene oxide, poly 
vinyl alcohol, and poly-N-vinylpyrrolidone. Other suitable 
binders include aqueous emulsions of addition-type 
homopolymers and copolymers prepared from ethylenically 
unsaturated monomers such as acrylates including acrylic 
acid, methacrylates including methacrylic acid, acrylamides 
and methacrylamides, itaconic acid and its half-esters and 
diesters, styrenes including substituted styrenes, acryloni 
trile and methacrylonitrile, vinyl acetates, vinyl ethers, vinyl 
and vinylidene halides, and ole?ns and aqueous dispersions 
of polyurethanes and polyesterionomers. 

[0070] Other ingredients that may be included in the layer 
containing the electronically conductive polymer include 
but are not limited to surfactants, defoamers or coating aids, 
charge control agents, thickeners or viscosity modi?ers, 
antiblocking agents, coalescing aids, crosslinking agents or 
hardeners, soluble and/or solid particle dyes, matte beads, 
inorganic or polymeric particles, adhesion promoting 
agents, bite solvents or chemical etchants, lubricants, plas 
ticiZers, antioxidants, colorants or tints, and other addenda 
that are Well-known in the art. Preferred bite solvents can 
include any of the volatile aromatic compounds disclosed in 
US. Pat. No. 5,709,984, as “conductivity-increasing” aro 
matic compounds, comprising an aromatic ring substituted 
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With at least one hydroxy group or a hydroxy substituted 
substituents group. These compounds include phenol, 
4-chloro-3-methyl phenol, 4-chlorophenol, 2-cyanophenol, 
2,6-dichlorophenol, 2-ethylphenol, resorcinol, benZyl alco 
hol, 3-phenyl-1-propanol, 4-methoxyphenol, 1,2-catechol, 
2,4-dihydroxytoluene, 4-chloro-2-methyl phenol, 2,4-dini 
trophenol, 4-chlororesorcinol, 1-naphthol, 1,3-naphthalene 
diol and the like. These bite solvents are particularly suitable 
for polyester based polymer sheets of the invention. Of this 
group, the most preferred compounds are resorcinol and 
4-chloro-3-methyl phenol. Preferred surfactants suitable for 
these coatings include nonionic and anionic surfactants. 
Preferred cross-linking agents suitable for these coatings 
include silane compounds such as those disclosed in US. 
Pat. No. 5,370,981. 

[0071] A ?gure of merit (FOM) can be assigned to the 
electronically conductive polymer Within the conductive 
layer. Such FOM values are determined by (1) measuring the 
visual light transmission (T) and the surface electrical resis 
tance (SER) of the conductive layer at various thickness 
values of the layer, (2) plotting these data in a in (1/T) vs. 
1/SER space, and (3) then determining the slope of a straight 
line best ?tting these data points and passing through the 
origin of such a plot. Without being bound to any particular 
theory, it is found that in (1/T) vs. 1/SER plots for elec 
tronically conductive polymer layers, particularly those 
comprising polythiophene in a cationic form With a polya 
nion compound, generate a linear relationship, preferably 
one passing through the origin, Wherein the slope of such a 
linear plot is the FOM of the electronically conductive 
polymer layer. Without being bound to any particular theory, 
it is also found that loWer the FOM value, more desirable is 
the electrical and optical characteristics of the electronically 
conductive layer; namely, loWer the FOM, loWer is the SER 
and higher is the transparency of the conductive layer. For 
the instant invention, FOM values of <100, preferably 250, 
and more preferably 240 is found to generate most desired 
results for display applications, 

[0072] Visual light transmission value T is determined 
from the total optical density at 530 nm, after correcting for 
the contributions of the uncoated substrate. A Model 361T 
X-Rite densitometer measuring total optical density at 530 
nm, is best suited for this measurement. 

[0073] Visual light transmission, T, is related to the cor 
rected total optical density at 530 nm, o.d.(corrected), by the 
folloWing expression, 

T=1/(1Oo.d.(conected)) 
[0074] The SER value is typically determined by a stan 
dard four-point electrical probe. 

[0075] The SER value of the conductive layer of the 
invention can vary according to need. For use as an electrode 
in a display device, the SER is typically less than 10000 
ohms/square, preferably less than 5000 ohms/square, and 
more preferably less than 1000 ohms/square and most 
preferably less than 500 ohms/square, as per the current 
invention. 

[0076] The transparency of the conductive layer of the 
invention can vary according to need. For use as an electrode 
in a display device, the conductive layer is desired to be 
highly transparent. Accordingly, the visual light transmis 
sion value T for the conductive layer of the invention is 
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>65%, preferably 270%, more preferably 280%, and most 
preferably 290%. The conductive layer need not form an 
integral Whole, need not have a uniform thickness and need 
not be contiguous With the base substrate. 

[0077] The conductive layer can be prepared by numerous 
methods. A preferred embodiment of the invention is to 
prepare the conductive layer by ?rst forming a mixture of the 
SWCNTs and PEDOT/PSS in dispersion. This material can 
be coated on a substrate by any number of Ways as outlined 
beloW. SWCNTs of metallic type are also preferred. Mix 
tures of metallic, semiconducting, and semimetallic 
SWCNTs are suf?cient. The pH of the mixture may be 
Within a range of 1-12. Preferably, the pH of the mixture Will 
be Within a range of 1-7. The mixture may employ a CEA to 
further improve the conductivity of the PEDOT/PSS. Coat 
ing aids may be added to improve coating quality. Addi 
tionally, surfactants may be employed to improve the dis 
persability of the SWCNTs in the mixture. 

[0078] In another preferred embodiment, the SWCNTs 
and EDOT monomer With oxidative catalyst can be made to 
form a mixture in a suitable solvent. This mixture can be 
deposited onto a substrate and then polymeriZe the EDOT 
monomer. After the polymeriZation, it is necessary to 
remove the residual catalyst by Washing With Water or a 
suitable alcohol. The resultant ?lm provides a highly con 
ductive layer. 

[0079] In another preferred embodiment, the SWCNTs 
may be coated and dried on the substrate ?rst and then a 
predetermined amount of PEDOT may be coated onto the 
SWCNT ?lm. The PEDOT may be supplied either as 
PEDOT/PSS or as the EDOT monomer/catalyst solution, 
Which can be polymeriZed after coating onto the SWCNT 
?lm. In the case of the EDOT in-situ polymeriZation, another 
step of Washing the residual catalyst salts out is necessary by 
Washing With Water or a suitable alcohol. 

[0080] In another preferred embodiment, the PEDOT may 
be ?rst coated onto a substrate. The PEDOT may be supplied 
either as PEDOT/PSS or as the EDOT monomer/catalyst 
solution, Which can be polymeriZed after coating onto the 
SWCNT ?lm. In the case of the EDOT in-situ polymeriZa 
tion, another step of Washing the residual catalyst salts out 
is necessary by Washing With Water or a suitable alcohol. 
Then, a predetermined amount of SWCNT may be applied 
onto the PEDOT ?lm to form the conductive layer. 

[0081] The conductive layer of the invention can be 
formed on any rigid or ?exible substrate. The substrates can 
be transparent, translucent or opaque, and may be colored or 
colorless. Rigid substrates can include glass, metal, ceramic 
and/or semiconductors. Flexible substrates, especially those 
comprising a plastic substrate, are preferred for their versa 
tility and ease of manufacturing, coating and ?nishing. 

[0082] The ?exible plastic substrate can be any ?exible 
self substrateing plastic ?lm that substrates the conductive 
polymeric ?lm. “Plastic” means a high polymer, usually 
made from polymeric synthetic resins, Which may be com 
bined With other ingredients, such as curatives, ?llers, rein 
forcing agents, colorants, and plasticiZers. Plastic includes 
thermoplastic materials and thermosetting materials. 

[0083] The ?exible plastic ?lm must have suf?cient thick 
ness and mechanical integrity so as to be self-substrateing, 
yet should not be so thick as to be rigid. Another signi?cant 
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characteristic of the ?exible plastic substrate material is its 
glass transition temperature (Tg). Tg is de?ned as the glass 
transition temperature at Which plastic material Will change 
from the glassy state to the rubbery state. It may comprise 
a range before the material may actually ?oW. Suitable 
materials for the ?exible plastic substrate include thermo 
plastics of a relatively loW glass transition temperature, for 
example up to 150° C., as Well as materials of a higher glass 
transition temperature, for example, above 150° C. The 
choice of material for the ?exible plastic substrate Would 
depend on factors such as manufacturing process conditions, 
such as deposition temperature, and annealing temperature, 
as Well as post-manufacturing conditions such as in a 
process line of a displays manufacturer. Certain of the plastic 
substrates discussed beloW can Withstand higher processing 
temperatures of up to at least about 200° C., some up to 
300°-350° C., Without damage. 

[0084] Typically, the ?exible plastic substrate is a polyes 
ter including polyethylene terephthalate (PET), polyethyl 
ene naphthalate (PEN), polyester ionomer, polyethersulfone 
(PES), polycarbonate (PC), polysulfone, a phenolic resin, an 
epoxy resin, polyester, polyimide, polyetherester, poly 
etheramide, cellulose nitrate, cellulose acetate, poly(vinyl 
acetate), polystyrene, polyole?ns including polyole?n iono 
mers, polyamide, aliphatic polyurethanes, polyacrylonitrile, 
polytetra?uoroethylenes, polyvinylidene ?uorides, poly(m 
ethyl (x-methacrylates), an aliphatic or cyclic polyole?n, 
polyarylate (PAR), polyetherimide (PEI), polyethersulphone 
(PES), polyimide (PI), Te?on poly(per?uoro-alboxy) ?uo 
ropolymer (PFA), poly(ether ether ketone) (PEEK), poly 
(ether ketone) (PEK), poly(ethylene tetra?uoroethylene 
)?uoropolymer (PETFE), and poly(methyl methacrylate) 
and various acrylate/methacrylate copolymers (PMMA) 
natural and synthetic paper, resin-coated or laminated paper, 
voided polymers including polymeric foam, microvoided 
polymers and microporous materials, or fabric, or any 
combinations thereof. 

[0085] Aliphatic polyole?ns may include high density 
polyethylene (HDPE), loW density polyethylene (LDPE), 
and polypropylene, including oriented polypropylene 
(OPP). Cyclic polyole?ns may include poly(bis(cyclopen 
tadiene)). A preferred ?exible plastic substrate is a cyclic 
polyole?n or a polyester. Various cyclic polyole?ns are 
suitable for the ?exible plastic substrate. Examples include 
Arton® made by Japan Synthetic Rubber Co., Tokyo, Japan; 
Zeanor T made by Zeon Chemicals L. P., Tokyo Japan; and 
Topas® made by Celanese A. G., Kronberg Germany. Arton 
is a poly(bis(cyclopentadiene)) condensate that is a ?lm of 
a polymer. Alternatively, the ?exible plastic substrate can be 
a polyester. A preferred polyester is an aromatic polyester 
such as Arylite. Although the substrate can be transparent, 
translucent or opaque, for most display applications trans 
parent members comprising transparent substrate(s) are pre 
ferred. Although various examples of plastic substrates are 
set forth above, it should be appreciated that the ?exible 
substrate can also be formed from other materials such as 
?exible glass and ceramic. 

[0086] The ?exible plastic substrate can be reinforced With 
a hard coating. Typically, the hard coating is an acrylic 
coating. Such a hard coating typically has a thickness of 
from 1 to 15 microns, preferably from 2 to 4 microns and can 
be provided by free radical polymeriZation, initiated either 
thermally or by ultraviolet radiation, of an appropriate 
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polymeriZable material. Depending on the substrate, differ 
ent hard coatings can be used. When the substrate is poly 
ester or Arton, a particularly preferred hard coating is the 
coating knoWn as “Lintec.” Lintec contains UV cured poly 
ester acrylate and colloidal silica. When deposited on Arton, 
it has a surface composition of 35 atom % C, 45 atom % 0, 
and 20 atom % Si, excluding hydrogen. Another particularly 
preferred hard coating is the acrylic coating sold under the 
trademark “Terrapin” by Tekra Corporation, NeW Berlin, 
Wis. 

[0087] The most preferred ?exible plastic substrate is a 
polyester because of its superior mechanical and thermal 
properties as Well as its availability in large quantity at a 
moderate price. The particular polyester chosen for use can 
be a homo-polyester or a co-polyester, or mixtures thereof as 
desired. The polyester can be crystalline or amorphous or 
mixtures thereof as desired. Polyesters are normally pre 
pared by the condensation of an organic dicarboxylic acid 
and an organic diol and, therefore, illustrative examples of 
useful polyesters Will be described herein beloW in terms of 
these diol and dicarboxylic acid precursors. 

[0088] Polyesters Which are suitable for use in this inven 
tion are those Which are derived from the condensation of 
aromatic, cycloaliphatic, and aliphatic diols With aliphatic, 
aromatic and cycloaliphatic dicarboxylic acids and may be 
cycloaliphatic, aliphatic or aromatic polyesters. Exemplary 
of useful cycloaliphatic, aliphatic and aromatic polyesters 
Which can be utiliZed in the practice of their invention are 
poly(ethylene terephthalate), poly(cyclohexlenedimethyl 
ene), terephthalate) poly(ethylene dodecate), poly(butylene 
terephthalate), poly(ethylene naphthalate), poly(ethylene(2, 
7-naphthalate)), poly(methaphenylene isophthalate), poly(g 
lycolic acid), poly(ethylene succinate), poly(ethylene adi 
pate), poly(ethylene sebacate), poly(decamethylene aZelate), 
poly(ethylene sebacate), poly(decamethylene adipate), poly 
(decamethylene sebacate), poly(dimethylpropiolactone), 
poly(para-hydroxybenZoate) (Ekonol), poly(ethylene oxy 
benZoate) (A-tell), poly(ethylene isophthalate), poly(tetram 
ethylene terephthalate, poly(hexamethylene terephthalate), 
poly(decamethylene terephthalate), poly(1,4-cyclohexane 
dimethylene terephthalate) (trans), poly(ethylene 1,5-naph 
thalate), poly(ethylene 2,6-naphthalate), poly(1,4-cyclo 
hexylene dimethylene terephthalate), (Kodel) (cis), and 
poly(1,4-cyclohexylene dimethylene terephthalate (Kodel) 
(trans). Polyester compounds prepared from the condensa 
tion of a diol and an aromatic dicarboxylic acid is preferred 
for use in this invention. Illustrative of such useful aromatic 
carboxylic acids are terephthalic acid, isophthalic acid and 
an ot-phthalic acid, 1,3-napthalenedicarboxylic acid, 1,4 
napthalenedicarboxylic acid, 2,6-napthalenedicarboxylic 
acid, 2,7-napthalenedicarboxylic acid, 4,4‘-diphenyldicar 
boxylic acid, 4,4‘-diphenysulfphone-dicarboxylic acid, 1,1, 
3-trimethyl-5-carboxy-3-(p-carboxyphenyl)-idane, diphenyl 
ether 4,4‘-dicarboxylic acid, bis-p(carboxy-phenyl) meth 
ane, and the like. Of the aforementioned aromatic dicar 
boxylic acids, those based on a benZene ring (such as 
terephthalic acid, isophthalic acid, orthophthalic acid) are 
preferred for use in the practice of this invention. Amongst 
these preferred acid precursors, terephthalic acid is particu 
larly preferred acid precursor. 

[0089] Preferred polyesters for use in the practice of this 
invention include poly(ethylene terephthalate), poly(buty 
lene terephthalate), poly(1,4-cyclohexylene dimethylene 
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terephthalate) and poly(ethylene naphthalate) and copoly 
mers and/or mixtures thereof. Among these polyesters of 
choice, poly(ethylene terephthalate) is most preferred 
because of its loW cost, high transparency, and loW coef? 
cient of thermal expansion. 

[0090] The aforesaid substrate useful for application in 
display devices can be planar and/or curved. The curvature 
of the substrate can be characteriZed by a radius of curva 
ture, Which may have any value. Alternatively, the substrate 
may be bent so as to form an angle. This angle may be any 
angle from 0° to 360°, including all angles therebetWeen and 
all ranges therebetWeen. If the substrate is electrically con 
ducting, an insulating material such as a non-conductive 
polymer may be placed betWeen the substrate and the 
conducting polymer. 

[0091] The substrate may be of any thickness, such as, for 
example. 10'8 cm to 1 cm including all values in betWeen 
and all ranges therebetWeen. Thicker and thinner layers may 
be used. The substrate need not have a uniform thickness. 
The preferred shape is square or rectangular, although any 
shape may be used. Before the substrate is coated With the 
conducting polymer it may be physically and/or optically 
patterned, for example by rubbing, by the application of an 
image, by the application of patterned electrical contact 
areas, by the presence of one or more colors in distinct 
regions, by embossing, microembossing, microreplication, 
etc. 

[0092] The aforesaid substrate can comprise a single layer 
or multiple layers according to need. The multiplicity of 
layers may include any number of auxiliary layers such as 
antistatic layers, tie layers or adhesion promoting layers, 
abrasion resistant layers, curl control layers, conveyance 
layers, barrier layers, splice providing layers, UV absorption 
layers, optical effect providing layers, such as antire?ective 
and antiglare layers, Waterproo?ng layers, adhesive layers, 
imaging layers and the like. 

[0093] The polymer substrate can be formed by any 
method knoWn in the art such as those involving extrusion, 
coextrusion, quenching, orientation, heat setting, lamina 
tion, coating and solvent casting. It is preferred that the 
polymer substrate is an oriented sheet formed by any suit 
able method knoWn in the art, such as by a ?at sheet process 
or a bubble or tubular process. The ?at sheet process 
involves extruding or coextruding the materials of the sheet 
through a slit die and rapidly quenching the extruded or 
coextruded Web upon a chilled casting drum so that the 
polymeric component(s) of the sheet are quenched beloW 
their solidi?cation temperature. 

[0094] The quenched sheet is then biaxially oriented by 
stretching in mutually perpendicular directions at a tempera 
ture above the glass transition temperature of the polymer(s). 
The sheet may be stretched in one direction and then in a 
second direction or may be simultaneously stretched in both 
directions. The preferred stretch ratio in any direction is at 
least 3:1. After the sheet has been stretched, it is heat set by 
heating to a temperature suf?cient to crystalliZe the poly 
mers While restraining to some degree the sheet against 
retraction in both directions of stretching. 

[0095] The polymer sheet may be subjected to any number 
of coatings and treatments, after extrusion, coextrusion, 
orientation, etc. or betWeen casting and full orientation, to 

Mar. 23, 2006 

improve its properties, such as printability, barrier proper 
ties, heat-sealability, spliceability, adhesion to other sub 
strates and/or imaging layers. Examples of such coatings can 
be acrylic coatings for printability, polyvinylidene halide for 
heat seal properties, etc. Examples of such treatments can be 
?ame, plasma and corona discharge treatment, ultraviolet 
radiation treatment, oZone treatment and electron beam 
treatment to improve coatability and adhesion. Further 
examples of treatments can be calendaring, embossing and 
patterning to obtain speci?c effects on the surface of the 
Web. The polymer sheet can be further incorporated in any 
other suitable substrate by lamination, adhesion, cold or heat 
sealing, extrusion coating, or any other method knoWn in the 
art. 

[0096] The conductive layer of the invention can be 
formed by any method knoWn in the art. Particularly pre 
ferred methods include coating from a suitable coating 
composition by any Well knoWn coating method such as air 
knife coating, gravure coating, hopper coating, roller coat 
ing, spray coating, electrochemical coating, inkjet printing, 
?exographic printing, and the like. Alternatively, the con 
ductive layer can be transferred to a receiver member from 
a donor member by the application of heat and/or pressure. 
An adhesive layer may be preferably present betWeen the 
conductive layer and the receiver member. 

[0097] Another preferred method of forming the conduc 
tive layer is by thermal transfer as disclosed in a series of 
US. patents and patent applications, e.g., U.S. Pat. Nos. 
6,114,088; 6,140,009; 6,214,520; 6,221,553; 6,582,876; 
6,586,153 by Wolk et al.; US. Pat. Nos. 6,610,455; 6,582, 
875; 6,252,621; 2004/0029039 A1; by Tutt et al., US. Pat. 
No. 5,171,650 by Ellis et al.; 2004/0065970 A1 by Blanchet 
Fincher. Accordingly, it is envisioned that a thermal transfer 
element comprising a donor substrate and a multicomponent 
transfer unit can be formed Wherein the multicomponent 
transfer unit comprises the conductive layer of the invention. 
Such a transfer unit is fully or partially transferred through 
the application of heat onto a receiver substrate, thus incor 
porating the conductive layer of the invention on the 
receiver substrate. 

[0098] Besides the conductive layer of the invention, the 
aforementioned thermal transfer element may comprise a 
number of other layers. These additional layers may include 
radiation absorption layer, Which can be a light to heat 
conversion layer, interlayer, release layer, adhesion promot 
ing layer, operational layer (Which is used in the operation 
of a device), non-operational layer (Which is not used in the 
operation of a device but can facilitate, for example, transfer 
of a transfer layer, protection from damage and/or contact 
With outside elements). 

[0099] Thermal transfer of the layer of the invention can 
be accomplished by the application of directed heat on a 
selected portion of the thermal transfer element. Heat can be 
generated using a heating element (e.g., a resistive heating 
element), converting radiation (e.g., a beam of light) to heat, 
and/or applying an electrical current to a layer of thermal 
transfer element to generate heat. 

[0100] For some speci?c display applications, such as 
those involving organic or polymeric light emitting diodes 
the roughness of the conductive layer can be critical. Typi 
cally, a very smooth surface, With loW roughness (Ra) is 
desired for maximiZing optical and barrier properties of the 
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coated substrate. Preferred Ra values for the conductive 
layer of the invention is less than 1000 nm, more preferably 
less than 100 nm, and most preferably less than 20 nm. 
However, it is to be understood that if for some application 
a rougher surface is required higher Ra values can be 
attained Within the scope of this invention, by any means 
knoWn in the art. 

[0101] A key criterion of the conductive layer of the 
invention involves tWo important characteristics of the con 
ductive layer, namely its transparency and its surface elec 
trical resistance. As alluded to herein above, the stringent 
requirement of high transparency and loW SER demanded 
by modern display devices is extremely difficult to attain 
With electronically conductive polymers. Typically, loWer 
surface electrical resistance values are obtained by coating 
relatively thick layers Which undesirably reduces transpar 
ency. Additionally, even the same general class of conduc 
tive polymers, such as a polythiophene containing polymers, 
may result in different SER and transparency characteristics, 
based on differences in molecular Weight, impurity content, 
doping level, morphology and the like. 

[0102] In a particular embodiment of the invention the 
electronically conductive polymer layer may be formed into 
electrode or other array patterns. Useful patterning tech 
niques include: inkjet printing, transfer printing such as 
lithoplate printing, various dry etching methods such as laser 
etching and thermal ablation, Wet etching methods such as 
the rnicrolithographic techniques described in WO97/ 18944 
and US. Pat. No. 5,976,274, and others. 

[0103] In one embodiment, the aforementioned substrate 
and the aforementioned electronically conductive polymer 
layer are incorporated as a transparent member in a display 
device. The display device typically comprises at least one 
imageable layer Wherein the imageable layer can contain an 
electrically imageable material. The electrically imageable 
material can be light emitting or light modulating. Light 
emitting materials can be inorganic or organic in nature. 
Particularly preferred are organic light emitting diodes 
(OLED) or polymeric light emitting diodes (PLED). The 
light modulating material can be re?ective or transmissive. 
Light modulating materials can be electrochemical, electro 
phoretic, such as Gyricon particles, electrochromic, or liquid 
crystals. The liquid crystalline material can be tWisted 
nematic (TN), super-tWisted nematic (STN), ferroelectric, 
magnetic, or chiral nematic liquid crystals. Especially pre 
ferred are chiral nematic liquid crystals. The chiral nematic 
liquid crystals can be polymer dispersed liquid crystals 
(PDLC). Structures having stacked imaging layers or mul 
tiple substrate layers, hoWever, are optional for providing 
additional advantages in some case. 

[0104] The present invention, comprising the aforemen 
tioned electronically conductive polymer layer and SWCNT 
may simply be substituted for any one or more conducting 
electrodes present in such prior art devices. The present 
invention preferably has at least one electric lead attached to 
(in contact With) the electronically conductive polymer layer 
on the substrate for the application of current, voltage, etc. 
to said conductive polymer (i.e. electrically connected). The 
lead(s) is/are preferably not in electrical contact With the 
substrate and may be made of patterned deposited metal, 
conductive or semiconductive material, such as ITO, may be 
a simple Wire in contact With the conductive layer, and/or 
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conductive paint comprising, for example, a conductive 
polymer, carbon, and/or metal particles. Devices according 
to the invention preferably also include a current or a voltage 
source electrically connected to the conducting electrode 
through the lead(s). A poWer source, battery, etc. may be 
used. One embodiment of the invention is illustrated in FIG. 
3 as a display component 60, Wherein a substrate 62 is 
coated With an electronically conductive polymer layer 64, 
Which is connected to a poWer source 66 by means of an 
electric lead 68. 

[0105] In a preferred embodiment, the electrically image 
able material can be addressed With an electric ?eld and then 
retain its image after the electric ?eld is removed, a property 
typically referred to as “bistable”. Particularly suitable elec 
trically imageable materials that exhibit “bistability” are 
electrochemical, electrophoretic, such as Gyricon particles, 
electrochromic, magnetic, or chiral nematic liquid crystals. 
Especially preferred are chiral nematic liquid crystals. The 
chiral nematic liquid crystals can be polymer dispersed 
liquid crystals (PDLC). 
[0106] For purpose of illustration of the application of the 
present invention, the display Will be described primarily as 
a liquid crystal display. HoWever, it is envisioned that the 
present invention may ?nd utility in a number of other 
display applications. 
[0107] As used herein, a “liquid crystal display” (LCD) is 
a type of ?at panel display used in various electronic 
devices. At a minimum, an LCD comprises a substrate, at 
least one conductive layer and a liquid crystal layer. LCDs 
may also comprise tWo sheets of polariZing material With a 
liquid crystal solution betWeen the polariZing sheets. The 
sheets of polariZing material may comprise a substrate of 
glass or transparent plastic. The LCD may also include 
functional layers. In one embodiment of an LCD item 50, 
illustrated in FIG. 4, a transparent, multilayer ?exible sub 
strate 15 is coated With a ?rst conductive layer 20, Which 
may be patterned, onto Which is coated the light-modulating 
liquid crystal layer 30. A second conductive layer 40 is 
applied and overcoated With a dielectric layer 42 to Which 
dielectric conductive roW contacts 44 are attached, including 
vias (not shoWn) that permit interconnection betWeen con 
ductive layers and the dielectric conductive roW contacts. 
FIG. 4 shoWs an optional nanopigmented functional layer 
35 applied betWeen the liquid crystal layer 30 and the second 
conductive layer 40. In a typical matrix-address light-emit 
ting display device, numerous light-emitting devices are 
formed on a single substrate and arranged in groups in a 
regular grid pattern. Activation may be by roWs and col 
umns. 

[0108] The liquid crystal (LC) is used as an optical sWitch. 
The substrates are usually manufactured With transparent, 
conductive electrodes, in Which electrical “driving” signals 
are coupled. The driving signals induce an electric ?eld 
Which can cause a phase change or state change in the LC 
material, the LC exhibiting different light-re?ecting charac 
teristics according to its phase and/or state. 
LC 

[0109] Liquid crystals can be nematic (N), chiral nematic 
(N*), or smectic, depending upon the arrangement of the 
molecules in the mesophase. Chiral nematic liquid crystal 
(N*LC) displays are typically re?ective, that is, no backlight 
is needed, and can function Without the use of polariZing 
?lms or a color ?lter. 
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[0110] Chiral nematic liquid crystal refers to the type of 
liquid crystal having ?ner pitch than that of tWisted nematic 
and super-tWisted nematic used in commonly encountered 
LC devices. Chiral nematic liquid crystals are so named 
because such liquid crystal formulations are commonly 
obtained by adding chiral agents to host nematic liquid 
crystals. Chiral nematic liquid crystals may be used to 
produce bi-stable or multi-stable displays. These devices 
have signi?cantly reduced poWer consumption due to their 
non-volatile “memory” characteristic. Since such displays 
do not require a continuous driving circuit to maintain an 
image, they consume signi?cantly reduced poWer. Chiral 
nematic displays are bistable in the absence of a ?eld; the 
tWo stable textures are the re?ective planar texture and the 
Weakly scattering focal conic texture. In the planar texture, 
the helical axes of the chiral nematic liquid crystal mol 
ecules are substantially perpendicular to the substrate upon 
Which the liquid crystal is disposed. In the focal conic state 
the helical axes of the liquid crystal molecules are generally 
randomly oriented. Adjusting the concentration of chiral 
dopants in the chiral nematic material modulates the pitch 
length of the mesophase and, thus, the Wavelength of 
radiation re?ected. Chiral nematic materials that re?ect 
infrared radiation and ultraviolet have been used for pur 
poses of scienti?c study. Commercial displays are most 
often fabricated from chiral nematic materials that re?ect 
visible light. Some knoWn LCD devices include chemically 
etched, transparent, conductive layers overlying a glass 
substrate as disclosed in US. Pat. No. 5,667,853. 

[0111] In one embodiment, a chiral-nematic liquid crystal 
composition may be dispersed in a continuous matrix. Such 
materials are referred to as “polymer-dispersed liquid crys 
tal” materials or “PDLC” materials. Such materials can be 
made by a variety of methods. For example, Doane et al. 
(Applied Physics Letters, 48, 269 (1986)) disclose a PDLC 
comprising approximately 0.4 pm droplets of nematic liquid 
crystal 5CB in a polymer binder. Aphase separation method 
is used for preparing the PDLC. A solution containing 
monomer and liquid crystal is ?lled in a display cell and the 
material is then polymeriZed. Upon polymeriZation the 
liquid crystal becomes immiscible and nucleates to form 
droplets. West et al. (Applied Physics Letters 63, 1471 
(1993)) disclose a PDLC comprising a chiral nematic mix 
ture in a polymer binder. Once again a phase separation 
method is used for preparing the PDLC. The liquid-crystal 
material and polymer (a hydroxy functionaliZed polymeth 
ylmethacrylate) along With a cross-linker for the polymer are 
dissolved in a common organic solvent toluene and coated 
on a transparent conductive layer on a substrate. A disper 
sion of the liquid-crystal material in the polymer binder is 
formed upon evaporation of toluene at high temperature. 
The phase separation methods of Doane et al. and West et al. 
require the use of organic solvents that may be objectionable 
in certain manufacturing environments. 

[0112] The contrast of the display is degraded if there is 
more than a substantial monolayer of N*LC domains. The 
term “substantial monolayer” is de?ned by the Applicants to 
mean that, in a direction perpendicular to the plane of the 
display, there is no more than a single layer of domains 
sandWiched betWeen the electrodes at most points of the 
display (or the imaging layer), preferably at 75 percent or 
more of the points (or area) of the display, most preferably 
at 90 percent or more of the points (or area) of the display. 
In other Words, at most, only a minor portion (preferably less 
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than 10 percent) of the points (or area) of the display has 
more than a single domain (tWo or more domains) betWeen 
the electrodes in a direction perpendicular to the plane of the 
display, compared to the amount of points (or area) of the 
display at Which there is only a single domain betWeen the 
electrodes. 

[0113] The amount of material needed for a monolayer can 
be accurately determined by calculation based on individual 
domain siZe, assuming a fully closed packed arrangement of 
domains. (In practice, there may be imperfections in Which 
gaps occur and some unevenness due to overlapping drop 
lets or domains.) On this basis, the calculated amount is 
preferably less than about 150 percent of the amount needed 
for monolayer domain coverage, preferably not more than 
about 125 percent of the amount needed for a monolayer 
domain coverage, more preferably not more than 110 per 
cent of the amount needed for a monolayer of domains. 
Furthermore, improved vieWing angle and broadband fea 
tures may be obtained by appropriate choice of differently 
doped domains based on the geometry of the coated droplet 
and the Bragg re?ection condition. 

[0114] In a preferred embodiment of the invention, the 
display device or display sheet has simply a single imaging 
layer of liquid crystal material along a line perpendicular to 
the face of the display, preferably a single layer coated on a 
?exible substrate. Such as structure, as compared to verti 
cally stacked imaging layers each betWeen opposing sub 
strates, is especially advantageous for monochrome shelf 
labels and the like. Structures having stacked imaging lay 
ers, hoWever, are optional for providing additional advan 
tages in some case. 

[0115] Preferably, the domains are ?attened spheres and 
have on average a thickness substantially less than their 
length, preferably at least 50% less. More preferably, the 
domains on average have a thickness (depth) to length ratio 
of 1:2 to 1:6. The ?attening of the domains can be achieved 
by proper formulation and suf?ciently rapid drying of the 
coating. The domains preferably have an average diameter 
of 2 to 30 microns. The imaging layer preferably has a 
thickness of 10 to 150 microns When ?rst coated and 2 to 20 
microns When dried. 

[0116] The ?attened domains of liquid crystal material can 
be de?ned as having a major axis and a minor axis. In a 
preferred embodiment of a display or display sheet, the 
major axis is larger in siZe than the cell (or imaging layer) 
thickness for a majority of the domains. Such a dimensional 
relationship is shoWn in US. Pat. No. 6,061,107. 

[0117] Modern chiral nematic liquid crystal materials usu 
ally include at least one nematic host combined With a chiral 
dopant. In general, the nematic liquid crystal phase is 
composed of one or more mesogenic components combined 
to provide useful composite properties. Many such materials 
are available commercially. The nematic component of the 
chiral nematic liquid crystal mixture may be comprised of 
any suitable nematic liquid crystal mixture or composition 
having appropriate liquid crystal characteristics. Nematic 
liquid crystals suitable for use in the present invention are 
preferably composed of compounds of loW molecular 
Weight selected from nematic or nematogenic substances, 
for example from the knoWn classes of the aZoxybenZenes, 
benZylideneanilines, biphenyls, terphenyls, phenyl or cyclo 
hexyl benZoates, phenyl or cyclohexyl esters of cyclohex 



US 2006/0062983 A1 

anecarboxylic acid; phenyl or cyclohexyl esters of cyclo 
hexylbenZoic acid; phenyl or cyclohexyl esters of 
cyclohexylcyclohexanecarboxylic acid; cyclohexylphenyl 
esters of benZoic acid, of cyclohexanecarboxyiic acid and of 
cyclohexylcyclohexanecarboxylic acid; phenyl cyclohex 
anes; cyclohexylbiphenyls; phenyl cyclohexylcyclohexanes; 
cyclohexylcyclohexanes; cyclohexylcyclohexenes; cyclo 
hexylcyclohexylcyclohexenes; 1,4-bis-cyclohexylbenZenes; 
4,4-bis-cyclohexylbiphenyls; phenyl- or cyclohexylpyrim 
idines; phenyl- or cyclohexylpyridines; phenyl- or cyclo 
hexylpyridaZines; phenyl- or cyclohexyldioxanes; phenyl 
or cyclohexyl-1,3-dithianes; 1,2-diphenylethanes; 1,2-dicy 
clohexylethanes; 1-phenyl-2-cyclohexylethanes; 1-cyclo 
hexyl-2-(4-phenylcyclohexyl)ethanes; 1-cyclohexyl-2‘,2-bi 
phenylethanes; 1-phenyl-2-cyclohexylphenylethanes; 
optionally halogenated stilbenes; benZyl phenyl ethers; 
tolanes; substituted cinnamic acids and esters; and further 
classes of nematic or nematogenic substances. The 1,4 
phenylene groups in these compounds may also be laterally 
mono- or di?uorinated. The liquid crystalline material of this 
preferred embodiment is based on the achiral compounds of 
this type. The most important compounds, that are possible 
as components of these liquid crystalline materials, can be 
characteriZed by the following formula R‘—X—Y-Z-R“ 
Wherein X and Z, Which may be identical or different, are in 
each case, independently from one another, a bivalent radi 
cal from the group formed by -Phe-, -Cyc-, -Phe-Phe-, 
-Phe-Cyc-, -Cyc-Cyc-, -Pyr-, -Dio-, —B-Phe- and —B 
Cyc-; Wherein Phe is unsubstituted or ?uorine-substituted 
1,4-phenylene, Cyc is trans-1,4-cyclohexylene or 1,4-cyclo 
hexenylene, Pyr is pyrimidine-2,5-diyl or pyridine-2,5-diyl, 
Dio is 1,3-dioxane-2,5-diyl, and B is 2-(trans-1,4-cyclo 
hexyl)ethyl, pyrimidine-2,5-diyl, pyridine-2,5-diyl or 1,3 
dioxane-2,5-diyl. Y in these compounds is selected from the 

halogen, preferably chlorine, or —CN; R‘ and R“ are, in each 
case, independently of one another, alkyl, alkenyl, alkoxy, 
alkenyloxy, alkanoyloxy, alkoxycarbonyl or alkoxycarbony 
loxy With 1 to 18, preferably 1 to 12 C atoms, or alternatively 
one of R‘ and R“ is —F, —CF3, —OCF3, —Cl, —NCS or 
—CN. In most of these compounds R‘ and R‘ are, in each 
case, independently of each another, alkyl, alkenyl or alkoxy 
With different chain length, Wherein the sum of C atoms in 
nematic media generally is betWeen 2 and 9, preferably 
betWeen 2 and 7. The nematic liquid crystal phases typically 
consist of 2 to 20, preferably 2 to 15 components. The above 
list of materials is not intended to be exhaustive or limiting. 
The lists disclose a variety of representative materials suit 
able for use or mixtures, Which comprise the active element 
in electro-optic liquid crystal compositions. 
[0118] Suitable chiral nematic liquid crystal compositions 
preferably have a positive dielectric anisotropy and include 
chiral material in an amount effective to form focal conic 
and tWisted planar textures. Chiral nematic liquid crystal 
materials are preferred because of their excellent re?ective 
characteristics, bi-stability and gray scale memory. The 
chiral nematic liquid crystal is typically a mixture of nematic 
liquid crystal and chiral material in an amount sufficient to 
produce the desired pitch length. Suitable commercial nem 
atic liquid crystals include, for example, E7, E44, E48, E31, 
E80, BL087, BL101, ZLI-3308, ZLI-3273, ZLI-5048-000, 
ZLI-5049-100, ZLI-5100-100, ZLI-5800-000, MLC-6041 
100.TL202, TL203, TL204 and TL205 manufactured by E. 
Merck (Darmstadt, Germany). Although nematic liquid 
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crystals having positive dielectric anisotropy, and especially 
cyanobiphenyls, are preferred, virtually any nematic liquid 
crystal knoWn in the art, including those having negative 
dielectric anisotropy should be suitable for use in the inven 
tion. Other nematic materials may also be suitable for use in 
the present invention as Would be appreciated by those 
skilled in the art. 

Chiral Dopant 

[0119] The chiral dopant added to the nematic mixture to 
induce the helical tWisting of the mesophase, thereby alloW 
ing re?ection of visible light, can be of any useful structural 
class. The choice of dopant depends upon several charac 
teristics including among others its chemical compatibility 
With the nematic host, helical tWisting poWer, temperature 
sensitivity, and light fastness. Many chiral dopant classes are 
knoWn in the art: e.g., G. Gottarelli and G. Spada, Mol. 
Cryst. Liq. Crys., 123, 377 (1985); G. Spada and G. Proni, 
Enantiomer, 3, 301 (1998) and references therein. Typical 
Well-known dopant classes include 1,1-binaphthol deriva 
tives; isosorbide (D-1) and similar isomannide esters as 
disclosed in US. Pat. No. 6,217,792; TADDOL derivatives 
(D-2) as disclosed in Us. Pat. No. 6,099,751; and the 
pending spiroindanes esters (D-3) as disclosed in Us. patent 
application Ser. No. 10/651,692 by T. Welter et al., ?led Aug. 
29, 2003, titled “Chiral Compounds And Compositions 
Containing The Same,”. 
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[0120] The pitch length of the liquid crystal materials may 
be adjusted based upon the following equation (1): 

Where kmax is the peak re?ection Wavelength, that is, the 
Wavelength at Which re?ectance is a maximum, nav is the 
average index of refraction of the liquid crystal material, and 
p0 is the natural pitch length of the chiral nematic helix. 
De?nitions of chiral nematic helix and pitch length and 
methods of its measurement, are knoWn to those skilled in 
the art such as can be found in the book, Blinov, L. M., 
Electro-optical and Magneto-Optical Properties of Liquid 
Crystals, John Wiley & Sons Ltd. 1983. The pitch length is 
modi?ed by adjusting the concentration of the chiral mate 
rial in the liquid crystal material. For most concentrations of 
chiral dopants, the pitch length induced by the dopant is 
inversely proportional to the concentration of the dopant. 
The proportionality constant is given by the folloWing 
equation (2): 

[0121] Where c is the concentration of the chiral dopant 
and HTP (as termed III in some references) is the propor 
tionality constant. 

[0122] For some applications, it is desired to have LC 
mixtures that exhibit a strong helical tWist and thereby a 
short pitch length. For example in liquid crystalline mixtures 
that are used in selectively re?ecting chiral nematic displays, 
the pitch has to be selected such that the maximum of the 
Wavelength re?ected by the chiral nematic helix is in the 
range of visible light. Other possible applications are poly 
mer ?lms With a chiral liquid crystalline phase for optical 
elements, such as chiral nematic broadband polariZers, ?lter 
arrays, or chiral liquid crystalline retardation ?lms. Among 
these are active and passive optical elements or color ?lters 
and liquid crystal displays, for example STN, TN, AMD 
TN, temperature compensation, polymer free or polymer 
stabiliZed chiral nematic texture (PFCT, PSCT) displays. 
Possible display industry applications include ultralight, 
?exible, and inexpensive displays for notebook and desktop 
computers, instrument panels, video game machines, video 
phones, mobile phones, hand-held PCs, PDAs, e-books, 
camcorders, satellite navigation systems, store and super 
market pricing systems, highWay signs, informational dis 
plays, smart cards, toys, and other electronic devices. 

[0123] There are alternative display technologies to LCDs 
that may be used, for example, in ?at panel displays. A 
notable example is organic or polymer light emitting devices 
(OLEDs) or (PLEDs), Which are comprised of several layers 
in Which one of the layers is comprised of an organic 
material that can be made to electroluminesce by applying a 
voltage across the device. An OLED device is typically a 
laminate formed in a substrate such as glass or a plastic 
polymer. Alternatively, a plurality of these OLED devices 
may be assembled such to form a solid state lighting display 
device. 

[0124] A light emitting layer of a luminescent organic 
solid, as Well as adjacent semiconductor layers, are sand 
Wiched betWeen an anode and a cathode. The semiconductor 
layers may be hole injecting and electron injecting layers. 
PLEDs may be considered a subspecies of OLEDs in Which 
the luminescent organic material is a polymer. The light 
emitting layers may be selected from any of a multitude of 

Mar. 23, 2006 

light emitting organic solids, e.g., polymers that are suitably 
?uorescent or chemiluminescent organic compounds. Such 
compounds and polymers include metal ion salts of 8-hy 
droxyquinolate, trivalent metal quinolate complexes, triva 
lent metal bridged quinolate complexes, Schiff-based diva 
lent metal complexes, tin (IV) metal complexes, metal 
acetylacetonate complexes, metal bidenate ligand com 
plexes incorporating organic ligands, such as 2-picolylke 
tones, 2-quinaldylketones, or 2-(o-phenoxy) pyridine 
ketones, bisphosphonates, divalent metal maleonitriledithi 
olate complexes, molecular charge transfer complexes, rare 
earth mixed chelates, (5-hydroxy) quinoxaline metal com 
plexes, aluminum tris-quinolates, and polymers such as 
poly(p-phenylenevinylene), poly(dialkoxyphenylenevi 
nylene), poly(thiophene), poly(?uorene), poly(phenylene), 
poly(phenylacetylene), poly(aniline), poly(3-alkylth 
iophene), poly(3-octylthiophene), and poly(N-vinylcarba 
Zole). When a potential difference is applied across the 
cathode and anode, electrons from the electron injecting 
layer and holes from the hole injecting layer are injected into 
the light emitting layer; they recombine, emitting light. 
OLEDs and PLEDs are disclosed in the folloWing United 
States patents: US. Pat. No. 5,707,745 to Forrest et al., US. 
Pat. No. 5,721,160 to Forrest et al., US. Pat. No. 5,757,026 
to Forrest et al., U.S. Pat. No. 5,834,893 to Bulovic et al., 
US. Pat. No. 5,861,219 to Thompson et al., U.S. Pat. No. 
5,904,916 to Tang et al., US. Pat. No. 5,986,401 to Thomp 
son et al., US. Pat. No. 5,998,803 to Forrest et al., US. Pat. 
No. 6,013,538 to BurroWs et al., U.S. Pat. No. 6,046,543 to 
Bulovic et al., U.S. Pat. No. 6,048,573 to Tang et al., US. 
Pat. No. 6,048,630 to BurroWs et al., US. Pat. No. 6,066,357 
to Tang et al., U.S. Pat. No. 6,125,226 to Forrest et al., US. 
Pat. No. 6,137,223 to Hung et al., US. Pat. No. 6,242,115 
to Thompson et al., and Us. Pat. No. 6,274,980 to BurroWs 
et al. 

[0125] In a typical matrix address light emitting display 
device, numerous light emitting devices are formed on a 
single substrate and arranged in groups in a regular grid 
pattern. Activation may be by roWs and columns, or in an 
active matrix With individual cathode and anode paths. 
OLEDs are often manufactured by ?rst depositing a trans 
parent electrode on the substrate, and patterning the same 
into electrode portions. The organic layer(s) is then depos 
ited over the transparent electrode. Ametallic electrode may 
be formed over the organic layers. For example, disclosed in 
US. Pat. No. 5,703,436 to Forrest et al, transparent indium 
tin oxide (ITO) is used as the hole injecting electrode, and 
a Mg—Ag-ITO electrode layer is used for electron injection. 

[0126] The present invention can be employed in most 
OLED device con?gurations as an electrode, preferably as 
an anode. These include very simple structures comprising 
a single anode and cathode to more complex devices, such 
as passive matrix displays comprised of orthogonal arrays of 
anodes and cathodes to form pixels, and active-matrix 
displays Where each pixel is controlled independently, for 
example, With thin ?lm transistors (TFTs). 

[0127] There are numerous con?gurations of the organic 
layers Wherein the present invention can be successfully 
practiced. A typical structure is shoWn in FIG. 5 and is 
comprised of a substrate 101, an anode 103, a hole-injecting 
layer 105, a hole-transporting layer 107, a light-emitting 
layer 109, an electron-transporting layer 111, and a cathode 
113. These layers are described in more detail beloW. Note 








